
Next Generation X-ray Optics:             
 High Resolution,  

Light Weight,  
and Low Cost 

William W. Zhang 
NASA Goddard Space Flight Center 

8/15/2012 1 PCOS X-Rays SAG         Washington DC   



NGXO Team 

 M.P. Biskach1, P.N. Blake,  K.W. Chan2, M. Hong1,          
L.D. Kolos,  J.R. Mazzarella1, R.S. McClelland1, T.T. Saha, 

M.J. Schofield1, M.V. Sharpe1, W.W. Zhang 
NASA Goddard Space Flight Center  

1 Stinger Ghaffarian Technologies, Inc.  
2 University of Maryland, Baltimore County 

J.A. Carter, J.A. Gaskin, W.D. Jones,       
J.J. Kolodzejczak, S.L. O’Dell 

NASA Marshall Space Flight Center  

8/15/2012 2 PCOS X-Rays SAG         Washington DC   



Process of Building a Telescope 

~104 Mirror 
Segments 

~102 Modules 
Each containing  
~102 mirror segments 
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One or several 
mirror assemblies 



Three Metrics 

  Angular resolution 
  Effective area (per unit mass) 
  Production cost (per unit effective area) 
  Field of view (shorter shell length) 
  Energy bandwidth (multilayer coating) 
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Objectives 

  Point of departure (2002) 
–  Suzaku’s resolution (~120 arcsecs) 
–  Suzaku’s eff. area per unit mass 
–  Suzaku’s cost per unit area 

  Near term (2014) 
–  XMM-Newton’s resolution (~10 arcsecs) 
–  Suzaku’s eff. area per unit mass 
–  Suzaku’s cost per unit area 

  Long term (~2020) 
–  Chandra’s resolution (~0.5 arcsecs) 
–  Suzaku’s eff. area per unit mass 
–  Suzaku’s cost per unit area 
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Development History & Future 
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Glass Slumping (Zhang et al.) 

  Simple, Reliable, Mature 
  Producing good and consistent results 
  Need to reduce mandrel cost & schedule 
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All substrates 
No selection 

With Selection: 
~6” HPD 



 Three Developments Since Chandra 

  Fast and accurate measurement of segmented 
mirrors 
–  Fizeau interferometers 
–  Easily designed and built cylindrical null lens 

  Commercially available deterministic polishing 
machines 
–  QED: Magneto-Rheological Finishing (MRF) 
–  ZEEKO: Intelligent Robotic Polishing (IRP) 
–  Others…. 

  Abundantly and cheaply available large blocks of 
mono-crystalline silicon 
–  “Perfect” single crystals: “Free” of internal stress 
–  High thermal conductivity and relatively low CTE 
–  Can be machined using precision wire-EDM 
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New Method for Fabricating Mirror 
Segment  (Zhang et al.) 
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1.  Procure mono-crystalline silicon: easy 
and cheaply available.   

2.  Apply heat and chemical treatments to 
remove all surface/subsurface damage 
(fast & cheap) 

1.  W-EDM machine conical shape (fast & cheap) 
2.  Apply heat and chemical treatments to remove 

damage (fast & cheap). 
3.  Polish using modern deterministic technique to 

achieve excellent figure and micro-roughness 
(fast & cheap?  Need demonstration) 

1.  Slice off (using W-EDM) the thin mirror 
segment (fast & cheap) 

2.  Apply heat and chemical treatment to 
remove all damage from back and edges 
(fast & cheap) 



Proof of Principle:  
Fabricate and then Light-weight 
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Before Light-weighting 
  55 mm thick  (~0.1”) 

After Light-weighting: 
~2 mm thick (~0.5”) 

1.  What’s causing the degradation from ~0.1 to ~0.5”? 
2.  Would light-weighting to 0.5mm work as well? 



Progression of Work 

  FY2102:  Demonstrate 
principle using flat mirrors – 
2012 (almost done) 
–  Polish a thick 55mm flat 

mirror 
–  Slice off a wafer ~1mm 

thick 
  FY2013: Make separate 

parabolic/hyperbolic segments 
or combined P-H segment 
(lining up companies) 

  FY2014: Minimize cost 
maximize production efficiency 
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Coating: Sputter vs. ALD 
(Chan et al.) 
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Alignment and Bonding 
(Biskach et al.) 
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Technology Development Module 
(X-ray Performance Test) 
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3 Pairs 
Co-aligned 
Bonded 



Module Engineering and  
Environmental Testing (McClelland et al.) 

  Vibration 
test fixture 
designed 
and built 
  Static and 
dynamic 
analyses 
completed 
  Test being 
conducted 
today 
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Important Issues Being Worked On 

  Forming mandrels 
–  Increase rate of production 
–  Decrease cost of production 

  Coating  (Sputtering & Atomic layer deposition) 
–  Minimize figure distortion due to stress 

  Thermal environments 
–  CTE mismatch between mirror and housing 
–  Potential lack of thermal equilibrium between mirror and 

housing 
  Epoxy instability 

–  Cure over long periods of time 
–  Sensitivity to moisture 
–  Visco-elasticity 
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Prospects 

  Near term (1 to 2 yrs) 
– XMM’s angular resolution: ~10 arcseconds 
– Suzaku’s weight and cost 
– To enable AXSIO, N-CAL, N-XGS, N-WFI, 

and Explorer missions 
  Long term (3 to 10 yrs) 

– Chandra’s angular resolution or better   
– Suzaku’s weight and cost per 
– To enable Generation-X, SMART-X… 
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Necessary and Sufficient Conditions  
for Making Good X-ray Optics 

 Reasonable and adequate 
funding 
 Competent people 
 Good ideas 
 Clear and well-formulated 
objectives 

8/15/2012 PCOS X-Rays SAG         Washington DC   18 



Acknowledgements 

PCOS Program Office 
ROSES/SAT 

ROSES/APRA 
GSFC/IRAD 

8/15/2012 PCOS X-Rays SAG         Washington DC   19 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


